The growth of single crystals of tetragonal HEW lysozyme and thaumatin I into glass capillaries was monitored by time lapse video-microscopy. The crystals were obtained by unidirectional transport of the precipitating agent through capillaries of internal diameter ranging from 0.2 to 1.2 mm, using the gel acupuncture technique. For crystals growing from true protein solutions, the measured average growth rates varies with capillary diameter from 1.7 to 3.7 ,~/s for thaumatin and from 2.8 to 22 ~,/s for lysozyme. The measured average growth rates for crystals growing into gelled protein solutions were 1.8 ,~/s for thaumatin and 2.5 ,~/s for lysozyme. The trend in the variation of the growth rate with time is similar and suggests that, for capillaries with internal radius lower than 0.8 mm, diffusion dominates the global mass transport control. However, the existence of convection rolls near the crystal-solution interface and close to zones with high density gradient cannot be discarded.
Introduction
The accretion of a periodic arrangement of protein molecules with high degree of perfection involves phenomena taking place at the crystal/ solution interface. These phenomena are controlled *Corresponding author. Fax: + 34 58 243 384; e-mail: jmgruiz@goliat.ugr.es.
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by the local values of the driven force for phase transition, and also by the flow of growth units from the bulk solution towards the growing crystal faces. It is currently thought that diffusional control of the growth process reduces the number of defects enhancing the internal order of the crystals. The existence of density-driven convection tends to break the symmetry of the diffusion field around a crystal growing under ideal conditions and introduces local anisotropy in space and time. It follows that convective flow has to be minimized and this justifies present efforts in the design of 0022-0248/97/$17.00 Copyright ~) 1997 Elsevier Science B.V. All rights reserved Pll S0022-0248(96)01 188-8 a diffusional scenario for protein crystal growth, including experiments conducted under low gravity using the facilities offered by several space agencies Eli or by levitation techniques [2] .
Besides low gravity environments, density driven convection and sedimentation can be reduced by using porous networks such as gelled media or by performing crystallization experiments in very thin growth cells. The aim of this work is to examine to what extent convection can be minimized during the growth of protein crystals in capillary volumes from free solutions. We approach the problem by comparing the growth kinetics of crystals grown from free protein solution to those from gelled protein solutions. The experiments were carried out using an implementation of the gel acupuncture technique E3 5] . Fig. 1 shows the glass cassettes used for monitoring the growth of crystals inside capillary tubes. It consists of two 70x 100mm rectangular glass plates held apart by an U-shaped spacer covering the two longest and one of the shorter sides of the plates. After fastening the plates with clamps, the gap between them is 4 mm. This glass vessel is then filled to a height of 40 mm with 8 cm 3 of a silica sol. Once gelled, the capillaries containing the protein solution are punctuated in the gel with a penetration length of 7 ram. Finally, 8 cm 3 of the precipitant solution is poured on the gel. The uncovered shorter edge of the cassette is then closed with adhesive tape and the cassette is placed under an optical microscope. The cassettes lied down on one of the glass plates to maintain the capillaries perpendicular to the gravity field. A television camera attached to the microscope captures the image which is sent to a video recorder provided with a time lapse mechanism.
Q 2. Materials and methods

Experimental method
Cylindrical capillaries with three different internal diameters (0.2, 0.4 and 1.2 ram) were used. In addition, some experiments were performed using capillaries with rectangular cross-section of 4 x 0.4 mm 2. Prior to the experiment, the capillaries 70 Fig. 1 . Sketch of the glass cassette used in this study to implement the gel acupuncture method. All lengths are in millimeters.
were washed with bi-distilled water and acetone and dried with hot air. Lysozyme (Fluka, 62971) and thaumatin I (Sigma, T-7638) were used as purchased without further purification. Sodium potassium tartrate and sodium chloride were used as precipitant solutions. All the solutions were prepared with deionized and twice-distilled water. The gel layer holding the capillaries was made of silica by mixing appropriate volumes of a sodium silicate solution with specific gravity 1.06 g/cm 3 and acetic acid IN]. The pH of the gel was 6.0 for lysozyme and 6.5 for thaumatin. For thaumatin we used phosphate buffers to maintain the protein solutions at pH 7. Sodium azide solution was added to the precipitating agent at 0.1% (w/v). Agar (pure) from Sigma (A-7049) was used to gel the protein solutions in some experiments below reported. All the experiments were carried out at the laboratory temperature (20 + I°C) . In very few cases we were able to measure the rate of growth on directions corresponding to a crystallographic axis or perpendicular to a singular face. The difficulty encountered in measuring the advance of singular crystal faces arises from the fact that the orientation of the crystals appearing in the capillaries cannot be selected in advance, nor can the cassette containing the capillaries be manipulated to orientate the crystals correctly. Nevertheless, all the crystals studied grew with euhedric habit and they remained similar in shape along their growth history. This means that misorientation effects a bias of less than 2 */s in the growth rate values and therefore we think that the data are useful as they provide information about the order of magnitude of the growth rate. The growth process was assessed for crystals growing at different locations inside the capillaries and the reference time (t = 0) was the time of setting up the experiments.
The experiments designed to test the mass transport of the precipitant agent through the capillaries were conducted by spectrophotometry in the range of visible light. Glass capillaries with 4 x 0.4 mm 2 rectangular cross-section and 100 mm height were used. The salt chosen for the test was potassium permanganate and the selected wavelength for the measurement of the absorption was 520 nm. A calibration curve relating absorption and concentration was previously obtained. A capillary filled with water was placed in a reservoir containing an aqueous solution of potassium permanganate at concentration 5 x 10 .3 M. The absorbance values were then periodically measured along the capillary using a shifting device with a step of 0.1 mm (with an error of 0.025 mm).
The first stage of this study was obviously to reduce the number of crystals to only few large individuals in order to measure the growth kinetics with the maximum accuracy. As previously reported by the authors [5, 6] , nucleation density can be controlled by tuning the initial values of the experimental parameters. As a general rule, the number of crystals in the capillary is very sensitive to the initial concentration of the precipitating agent and depends exponentially on the value of the starting protein concentration. The experimental values reported below were those required to minimize the number of crystals for reasonable experimental times.
Results
Growth fi'om free protein solutions
All the experiments were carried out using the same starting conditions, the variable being the inner diameter of the capillary. Thaumatin solution at a concentration of 100 mg/ml and sodium-potassium tartrate solution at concentration of 30% (w/v) were used. For rectangular capillaries we measured an average growth rate of Gay = 1.7 A/s. As shown in 
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[ Thaumatin ill / [ Capi l l ary 04x4 mm2 I /. For lysozyme, the protein concentration in the capillary was 100mg/ml and the precipitating agent (NaC1) concentration was 20% (w/v). Lysozyme single crystals obtained in the wider capillaries (1.2mm in diameter) grew at an average growth rate of 8.1 A/s along the direction corresponding maximum linear size and 4.9 A/s along the direction of minimum linear size. The maximum growth rate was 18 A/s measured at the earlier stages of the growth record (see Fig. 3 ). For 0.2 mm capillaries we measured the following values for two single crystals: Gay (A/s)= 5.6 and 10.4 and Gmax (A/s) = 10 and 22.5. It should be noted that these values of growth rates belong to crystals growing at different locations in the capillary and therefore when comparing them it should be kept in mind that they belong to crystals growing at different local supersaturation and also at different stages of the growth history. Faster values obtained for lysozyme (Gay-5.5 A/s) and Gma x = 30 A/s) correspond to a single crystal that grew near the gel/solution junction where the gradient of salt concentration is larger and to the four faces of a lysozyme single crystal growing into rectangular capillaries with a thickness of 0.4 mm (Fig. 3 ) which grew at average growth rates between 5 and 9 A/s and maximum recorded growth rates between 52 and 18 A/s. 
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Growth from gelled protein solutions
Time (S~dS For comparative purposes we measured the growth rate of lysozyme and thaumatin crystals grown in gelled protein solutions. We used exactly the same conditions described in Section 3.1 but in this case we gelled the protein solution contained in the growth cells with agar. It is known that convective flow is prevented by the porous network of the gelled media (effective pore size less than 1500 A [-7, 8] ) and therefore the size of the capillary diameter or growth cell is no longer a relevant parameter. Thaumatin single crystals grow in agar into capillaries with internal diameter of 1.5 mm with an average growth rate of Gav= 1.8 A/s and a maximum growth rate G .... = 6.5 A/s. In Fig. 4b we show that lysozyme crystal grew in agar with a maximum growth rate of 7 A/s. We also recorded the growth history of four neighbors lysozyme single crystals. The corresponding average growth rates (in A/s) were 2.5, 2.7, 3.4 and 4.8.
Discussion
There are several works [-9 11] devoted to the continuous video recording of the growth of protein single crystals under isothermal conditions at constant supersaturation. Pusey and Naumann [-10] recorded growth rates ranging from 10 to 180 A/s working with a "stop-flow" technique and Durbin and Feher [12] obtained a wider range of growth rates for lysozyme crystals growing in a flow cell. Koszelak and McPherson [13] studied several protein crystal growth phenomena by time lapse video microscopy and made interesting observations on the growth behavior in hanging and sitting drops. They showed that canavalin crystals grow episodically at rates greater than 83 A/s, which corresponds to about forty unit cell thicknesses per minute. The crystals preferentially nucleate and grow at the air-liquid interface and, when using hanging drops, all the crystals achieving a critical size fall immediately and concentrate at the bottom of the drop. As pointed out by the authors, most of the aggregation phenomena leading to unsuitable crystals for X-ray diffraction arise from this gravitational effect which is clearly a disadvantage when trying to obtain large single crystals. An additional interesting point is that they observed much more convective flow than would have been suspected in advance. There are several data concerning the growth rates of lysozyme single crystals obtained by the hanging drop method. Rosenblum and co-workers [14] used digital images captured through a magnification lens by a CCD camera. From their plotted data, it can be estimated that the average growth rate was about 50,~/s and the initial growth rate was of 140 ~,/s. Koszelak et al. [15] reported that lysozyme crystals start to grow linearly for thirty minutes and later the growth rate decreases. The average growth rate in this nonlinear period was 840 ~,/s; this is almost one order of magnitude higher that the one recorded by Rosenblum and co-workers. These values of the growth rate mean that approximately 24 growth units of lysozyme accumulated per second. Our results show that, on average, the growth rate of crystals growing by the gel acupuncture technique is about one order of magnitude slower than those measured for crystals growing by the hanging drop method. It is currently though that the existence of high growth rates correlates well with the density of lattice defects in the structure of proteins • Miller et al. [16] , compares the quality of human serum albumin crystals grown in a gel to those grown under microgravity conditions, and highlights their similar crystal quality as judged by Wilson-type plots. Due to the similar growth rates values and trends we have measured for crystals grown from gelled solution and crystals grown from free solutions contained in capillaries volumes, it is reasonable to expect crystals grown by the gel acupuncture technique to be of such high quality. It renders unnecessary the use of gelled protein solutions which could interfere chemically either with other compounds currently used in protein crystallization or with the protein molecules themselves. The slightly slower rates we obtained for crystals growing in gelled media (a maximum difference of less than 5 ,~/s) are explained by the smaller values of the diffusion constant D of the precipitating agent in gelled media (DNaCl = 1.1 × 10 -s cm z s 1) as compared with free solutions (DNacl = 1.5 × 10 5 cm 2 s-1) [17] . Measurements of the quality of our crystals by X-ray diffraction yields data demonstrating that they diffract at the maximum resolution available with rotating anode sources [5, 6] . Experiments using a synchrotron source yields spots corresponding to a resolution of 1.2 ,~ [24] .
An interesting point is to reveal if the process limiting the growth kinetics in our experimental set-up is either volume diffusion or surface kinetics. In the gel acupuncture method, as in any spatially heterogeneous open system developing towards equilibrium, the environmental supersaturation at the location where the crystal is growing is time dependent• High accuracy measurements of the exact local supersaturation at the crystal face as time advances or calculations of this supersaturation in the light of the present knowledge of diffusing reacting systems is a difficult problem. Consequently, we cannot make use of the typical growth rate versus supersaturation plots that are the most useful tool when determining the growth regime in crystal growth studies (see for instance references [10, 12] ). Thus, the problem must be addressed in a different way. When dealing with this kind of diffusing reacting system, it is convenient to differentiate two spatial scales of the transport processes [-18 ]. To test the large scale transport of the precipitating agent through the capillary we performed spectroscopic studies using a colored solution. Fig. 5 shows the variation of the concentration of a potassium permanganate solution along the capillary after 3, 6 and 20 h. Note the absence of perturbations in the decreasing trend of the concentration values and the excellent fitting of the data to the analytical solution of Fick's law from which a reasonable value (-~3 × 10 -5 cmZ/s) for the diffusion constant of this salt is obtained. Thus, it is reasonable to conclude that the evolution of concentration in time and space of the precipitating agent obeys the Fick second law provided that the concentration gradient and the gravity field are arranged perpendicular or counterparallel. In fact, diffusion coefficients of salts in aqueous solutions are currently measured in devices using open-ended capillaries of 0.5 mm in diameter [19, 20] . However, just because the concentration of precipitating agent is diffusion controlled, it does not necessarily follow that either in the free or in the gelled protein solution, diffusional transport in volume is the rate limiting step of the crystal growth process because in any case, the phenomena taking place at the interface of the growing crystals have also to be considered. The second kind of transport phenomena occurs at a lower spatial scale and concerns the flow of growth units toward the sink created by the incorporation of protein at the growing crystal faces. The similarity between the growth rates of crystals growing into capillaries from free solutions and those growing in gelled protein solutions suggests that the local transport towards the crystal surface is diffusional in the gel acupuncture technique. Assuming an inexhaustible source of growth units, one should expect an advance of the crystal surface proportional to the square root of time for such an ideal growth process. It should be realized that in the gel acupuncture technique, the local diffusive flow process occurs with different boundary conditions, specifically the existence of a moving sink (the crystal surface) and a finite source of growth units (the small volume occupied by the depleting protein solution contained in the thin capillaries). This finitesness of the diffusional field explains the trend of the measured growth rates. Note that in Figs. 2-4 , the size of the protein crystals growing in gelled solutions as well in aqueous solutions, can be adjusted at early growth time to a function of the type:
where the exponent g takes a value close to 0.5. The fit is lost for times larger than a critical value and it reveals the exhaustion of the source of protein growth units diffusing towards the crystal face. Our results agree with those of Kam and Feher [21] who noted the existence of a depletion zone around the growing crystals and extend significatively the possibility to grow protein crystals under diffusion controlled growth into capillary cells up to 1 mm in length.
It is also relevant to compare our growth rate values with those recorded for inorganic crystals.
The most relevant appears to be the values of the growth rate of NaC104 crystals grown under diffusional control reported by Simon [22] . His experiment was also carried out in capillary volumes with an inner diameter of 0.8 mm at different values of supercooling. When the direction of the gravity field (g) and the chemical gradient (/~0 are kept either anti-parallel or perpendicular one each other (thus minimizing the possibility of density driven convection), Simon reported that the growth rates of NaC104 cryostats under diffusional control range from 9 to 30 A/s, meanwhile the influence of convective flow (created by turning-up the capillaries and therefore making g and ~-parallel) increases the growth rate values by two or three orders of magnitude. Note that using either the parallel or the antiparallel configuration in our counterdiffusion method, we have the risk of density driven convection. Thus the perpendicular set-up is the most appropriate to increase the dominant role of diffusion. Even in that case, there is a risk of density driven convection when the capillary stands perpendicular to the gravity field. We have not yet carried out interferometric studies to reveal the existence of these phenomena inside the capillaries but it is clear that a comparison between on ground and microgravity conducted experiment wilt shield light on this important matter.
Finally, a technical comment. Our previous work on the gel acupuncture technique makes use of a simple arrangement, in which capillaries are punched in the gel layer contained in a simple glass vessel. Although this quick working arrangement is recommended for the screening of crystallization conditions, we suggest for final studies the use of the glass cassettes described above, a device we used for several years in gel growth [23] . This experimental set-up permits the easy observation of phenomena inside the capillaries by optical microscopy and enhances the mechanical stability of the technique. This last point is of importance to maintain concentration patterns undisturbed. The mechanical stability of the gel acupuncture technique can be illustrated by a fortuitous experiment. In Fig. 6 the advance of the face of a lysozyme single crystal is plotted versus time. During the video record which took twenty days, our city suffered a earthquake with a intensity of 5.4 in the Richter scale. Note that the vibrations due to the earthquake did not affect the growth trend of the crystal.
Conclusions
We conclude that protein crystals obtained from aqueous solutions by the gel acupuncture method grow at similar rates and display similar growth behavior as obtained from gelled protein solutions. The growth rate depends on the location of the crystal in the capillary and typical measured average growth rates are less than 10 A/s. For capillaries of internal diameter less than 1 mm oriented perpendicular to the gravity field, the large scale transport of the precipitating agent seems to be dominated by diffusion and therefore we suggest to use the gel acupuncture technique as an analog of microgravity conducted experiments allowing to test macroscopic parameters of space experiments.
At smaller scale, the transport of protein growth units towards the crystal face can be affected on ground by local convection rolls which could be observed by using interferometric analysis.
